Twenty-five crossbred ewes were utilized to examine the timing of embryonic migration relative to maternal recognition of pregnancy. These ewes also were utilized to examine whether ovine embryos synthesized estradiol-17l~ in association with embryonic elongation and intrauterine migration. Embryos were flushed on d 11 through 15 from hemiovariectomized ewes. Recovery of embryos from the uterine horn contralateral to the remaining ovary indicated that migration had occurred. Ewes subsequently were returned with rams to determine their interestrous interval. Recovered embryos were classified morphologically, their length determined and individually incubated. Changes in estradiol within the medium were determined after a 6-h incubation. Embryo migration began on d 14 (P < .05); on consecutive days from 11 through 15, 0, 0, 0, 60 and 100% of ewes examined, respectively, had an embryo in the contralateral horn. Extended estrous cycles (>20 d) were observed in 0, 0, 40, 80 and 100% of ewes examined (P < .05) following removal of embryos on d 11 through 15 of the cycle. Ovine embryos were longer (P < .05) on d 14 (4.8 5:1.1 cm length, ~ + SE) compared with d 13 (.2 _+ .1 cm) and increased further (P < .05) on d 15 (7.8 _+ 1.1 cm). Incidence of intrauterine migration was correlated with embryonic length (r = .83; P < .01) and estradiol synthesis (r = .77; P < .01). Embryonic length also was correlated with estradiol synthesis (r --.86; P < .01). Intrauterine migration of ovine embryos was associated with embryonic elongation and synthesis of estradiol. Embryonic migration began on d 14, was completed by d 15 and occurred after maternal recognition of pregnancy.
Introduction
Equidistant spacing of embryos in polytocous species is accomplished partially by intrauterine migration. In sheep, for example, intrauterine migration of embryos into the Received June 20, 1988 . Accepted September 19, 1988 uterine horn contralateral to an ovary containing multiple ovulations occurred in nearly 90% of ewes examined (Casida et al., 1966; Scanlon, 1972) , indicative of a well controlled and efficient process. However, the timing of intrauterine migration relative to maternal recognition of pregnancy has not been investigated in sheep. The signal(s) to induce embryonic migration also is not fully understood. Peristaltic contractions of the myometrium (Boving, 1971; Pusey, 1980; Cross and Ginther, 1988) , which may be stimulated locally by the embryo (Cloud and Casida, 1969; Pope et al., 1982a) , were associated with migration. Estradiol synthesis by porcine embryos (Perry et al., 1973; Gadsby et al., 1980) appeared to stimulate activity of uterine smooth muscle and intrauterine migration (Pope et al., 1982b) . Likewise, increased production of estradiol by 999 equine embryos occurred coincident with the period of migration (Zavy et al., 1979) . Estradiol synthesis also has been observed by bovine embryos (Shemesh et al., 1979) , but minced cells from ovine embryos were unable to synthesize estrogens (Gadsby et al., 1980) . The present experiment was conducted to determine the time of embryonic migration relative to maternal recognition of pregnancy. In addition, we examined whether ovine embryos could synthesize estradiol in association with intrauterine migration.
Materials and Methods
Twenty-five crossbred ewes were hemiovariectomized in the spring, before allocation to experimental groups in the fall. One ovary, chosen at random, was removed to ensure initial entry of embryos into one uterine horn. In the fall, ewes were mated at the onset of estrus (d 0) and every 12 h until the end of estrus.
Embryo Removal. On d 11 through 15 of pregnancy, embryos were obtained by exposing the uterus via a midventral incision in the abdomen and surgically flushing each uterine horn. A blunt incision was made below the external bifurcation, and a glass cannula, with a smooth, flared end, was inserted into the uterine lumen. Medium (modified Dulbecco's, 10 ml) was injected into the tip of the ipsilateral uterine horn; the medium plus embryo(s) were flushed toward the cannula and placed immediately into an incubator at 39~ The contralateral horn was flushed in the same manner. Each horn was flushed twice with 10 ml of medium. Recovery of an embryo from the uterine horn contralateral to the remaining ovary indicated that embryonic migration had occurred. Only ewes displaying multiple ovulations were accepted, and 100% recovery of embryos was requisite for inclusion in the study. Ewes were returned to a pen with marked rams, and blood samples were collected dally for subsequent progesterone analysis to assist in determination of the interestrous interval. Blood samples were centrifuged at 4~ and serum was stored at -20~ until assayed for progesterone by RIA, as described by Hild-Petito et al. (1987) . Serum 6Gibco Laboratories, Grand Island, NY. 7pharmacia Inc., Piscataway, NJ.
progesterone less than 1 ng/ml, accompanied by estrus, was indicative of luteolysis.
Embryo Culture. Recovered embryos were gently removed from the uterine flushings, and the morphological classification and length of each intact embryo were immediately determined. Each embryo was washed individually in Krebs Ringer Bicarbonate Medium (37~ pH 7.3 to 7.4, 287 to 293 mOs, filter sterilized) supplemented with fetal calf serum 6 (10%) and an antibiotic/antimycotic 6 (100 IU/ml). Washed embryos were cultured individually in dishes containing 4 ml of medium. One milliliter of medium was removed at the initiation of culture (0 h sample) and frozen (-20~ until analysis by RIA. Embryos were incubated for 6 h at 37~ in a 95% air and 5% CO2 humidified atmosphere. At 6 h, embryos were removed from the culture dish; the remaining medium was frozen for determination for the total amount of estradiol synthesized per embryo.
The concentration of estradiol 17-~ in the medium sampled at 0 and 6 h was quantified directly by methods reported previously (Butcher et al., 1974) . The antiserum crossreacted only with estriol (3%) and estrone (12%). Sensitivity of the assay was 5.0 pg. Pools of media containing low and high concentration of estradiol 17-~ were established, consistent with the samples, which allowed for determination of the intra-and inter-assay coefficients of variation (4.3 and 5.6%, respectively). The slope of the curve generated by using aliquots of pooled media (-2.29 + .31) did not differ (P = .77) from the linear portion of the standard curve (-2.40 + .13).
Preliminary attempts to verify estradiol synthesis by recovered embryos were conducted by two methods. Embryos (n = 3) were incubated with [1251]testosterone. Extracted medium subsequently was eluted on a Sephaalex 7 LH-20 column with benzene-methanol (85/15, vol/vol). Coalescence of label and estradiol indicated partial incorporation of testosterone into estradiol.
Second, d-15 embryos (n = 2) were transected in half, and half-embryos were placed in culture, as described. Extraction of half-embryos (4 ml diethyl ether) at both 0 and 6 h yielded less than 5 pg of estradiol. Extraction of culture medium yielded 85 pg of estradiol after 6 h in culture, an indication that estradiol in the medium was a result of synthesis and release by the embryo, as opposed to accumulation of maternally derived steroid.
Statistical Analysis. All data were analyzed by least squares analysis of variance using the General Linear Models procedure of SAS (1982) . Binomial observations, embryonic migration and maternal recognition of pregnancy were coded. A code of 1 represented ewes with embryos recovered from the contralateral uterine horn. Ewes experiencing no embryonic migration were coded as 0. If ewes displayed an interestrous interval greater than 20 d (4 standard deviations beyond the normal 16.5 + .8 d cycle length observed in these ewes), they were considered to have experienced maternal recognition of pregnancy and were coded as 1. Ewes with a cycle length of less than 20 d received a code of 0. Correlation coefficients were calculated (Steel and Torrie, 1980) to examine the relationship between the occurrence of intrauterine migration, embryonic length and in vitro estradiol synthesis. Differences between means were tested by a least significant difference test (Snedecor and Cochran, 1980) .
Results
Migration into the contralateral uterine horn by ovine embryos was not evident until d 14 (Figure 1) , at which time 60% of ewes examined had experienced (P < .05) embryonic migration. By d 15, 100% of ewes examined had embryos recovered (P < 05) from the contralateral horn. Embryos were spherical between d 11 and 13, except for two embryos recovered from one ewe on d 13 that were tubular in shape (8 to 10 mm). Elongation of ovine embryos of the filamentous stage began (P < .05) on d 14 (4.8 + 1.1 cm, ~ + SE) and increased (P < .05) on d 15 (7.8 + 1.1 cm). Some embryos synthesized detectable quantifies of estradiol after 6 h in culture on d 11 and 13 (Table 1) . It was not until d 14 and 15, however, that embryos began to synthesize detectable (P < .05) amounts of estradiol in vitro. All three variables were highly and positively correlated. Intrauterine migration was correlated with both embryonic length (r = .83; P < .01) and in vitro estradiol synthesis (r = .77, P < .01). Embryonic length also was correlated with estradiot synthesis (r = .86, P < .01).
Removing embryos had no effect on the interestrous interval when done on d 11 or 12 (Figure 2) . However, embryo removal on d 13, 14 and 15 resulted in 40, 80 and 100% (P < .05) of ewes examined experiencing extended estrous cycles, respectively. When embryos were recovered on d 13, the percentage of ewes with an extended cycle length was greater (P < .05) than the percentage that had experienced embryonic migration and suggested that recognition of pregnancy occurred before embryonic migration. Embryos from (21) 13 (9) 180 (37) 200 (24) ~2ultured for 6 h in vitro. t'Ratio of ewes with embryos synthesizing detectable amounts of estradiol (6 h > 0 h) to the total number of ewes examined.
CMean (+SE) for five embryos from each day of gestation examined.
one of the two ewes that failed to experience embryonic migration also failed to synthesize estradiol in vitro (Table 1) . Interestingly, this is also the ewe that had a normal cycle.
Discussion
When two ovulations occurred in one ovary, migration of one embryo in the contralateral uterine horn was observed in nearly 90% of ewes examined (Casida et al., 1966; Scanlon, 1972) . This high frequency of embryonic migration also was observed in our study; 100% of ewes with twin ovulations had an embryo recovered from the contralateral horn when examined on d 15. In contrast, when a single ovulation was experienced in one or each ovary, migration into the uterine horn not associated with the corpus luteum, or migration into an already occupied horn, was rare (Casida et al., 1966; Scanlon, 1972) .
The timing of embryonic migration in sheep was reported to occur between d 12 to 14 of gestation (Cummins, 1979) . In the present study, ovine embryos began and completed intrauterine migration on d 13 to 14 and d 15, respectively. Physical attachment between the embryo and uterine epithelium was not achieved until d 16 to 17 of gestation (Chang and Rowson, 1965; Short, 1969) , suggesting that ovine embryos were free to move within the uterine lumen prior to this time. Polge and Dziuk (1970) demonstrated that filamentous embryos were not able to undergo intrauterine migration in the pig. In the present study, migration of elongated embryos was completed by d 15; this suggests that embryos have a limited and critical period to experience intrauterine mobility.
Ovine embryos synthesized and released estradiol. Gadsby et al. (1980) trophoblastic tissues from ewes on d 16 to 18 were incapable of estrogen production, based on conversion of labeled androstenedione to estradiol. However, those investigators incubated minced tissue, compared with incubation of intact embryos in our study. Dwyer and Robertson (1980) reported that levels of estrone sulfate were detectable in uterine venous plasma on d 16 of gestation in ewes.
Higher, but non-significant, concentrations of estrogen in samples of utero-ovarian venous blood from pregnant and nonpregnant ewes also were observed on d 13 and 15 (Ellinwood, 1978; Reynolds et al., 1982) , approximately the time of embryonic elongation (Chang and Rowson, 1966) . Likewise, Willis et al. (1979) observed in vitro synthesis of estradiol by ovine conceptus membranes at this time. Initial estrogen production was concomitant with elongation for both porcine (Perry et al., 1973 (Perry et al., , 1976 and bovine (Shemesh et al., 1979) embryos; maximal estrogen synthesis occurred as porcine embryos became filamentous and declined shortly thereafter (Geisert et al., 1982) . Perhaps ovine embryos have a capacity for steroid production that is limited to a defined stage of development. Increased synthesis of estradiol appeared to begin on d 14, coincidental with embryonic elongation. This observed increase in estradiol synthesis by ovine embryos occurred at the time of intrauterine migration, suggesting that estradiol production might influence embryonic migration, perhaps by mechanisms similar to those reported for swine (Pope et al., 1982b) and mares (Zavy et al., 1979) . Together, these observations suggested that embryos attain a critical size before developing the capacity to synthesize estrogen in amounts adequate to influence intrauterine migration. Luteotrophic extension of the interestrous interval was not detected until d 13, the period of maternal recognition of pregnancy in sheep; this result is consistent with previous observations (Moor and Rowson, 1966) . Recognition of pregnancy occurred after intrauterine migration of embryos in the sow (Dhindsa et al., 1967) and mare (Ginther, 1983) . However, our study suggested that recognition of pregnancy in sheep occurred before embryonic migration. The significance of this finding is unclear. Maurer (1988) reported that recipient ewes, with bilateral ovulations, experienced higher pregnancy rates when transected embryos were transferred into one vs both uterine horns. By remaining in the ipsilateral uterine horn, embryos may have enabled more of these recipient ewes to experience recognition of pregnancy. This suggests that embryos cumulatively enhanced the luteotrophic signal before migration into the contralateral horn.
The higher incidence of embryonic loss observed with multiple unilateral, compared with single and bilateral, ovulating ewes (Doney et al., 1973) was associated with intrauterine migration (White et al., 1981) . The effect(s) of migration on embryonic mortality, though presently unknown, might be associated with an asynchronous environment in the contralateral uterine horn compared with the ipsilateral horn, or failure of the contralateral endometrium to respond to an embryonic signal. In cows, Pope et al. (1982c) observed a higher content of progesterone within ipsilateral vs contralateral uterine tissue. Such a subtle difference between uterine horns in ewes might be exaggerated by d 14 and 15, as asynchrony became more critical later in gestation (Wilmut and Sales, 1981) . Although recipients with unilateral and bilateral ovulations experienced similar lambing rates (Torres and Sevellec, 1987) , observations with recipient cows clearly indicated greater embryonic survival in the ipsilateral uterine horn (Sreenan et al., 1975; Christie et al., 1979; Newcomb et al., 1980) . In addition, embryonic production of ovine trophoblastic protein-I (Godkin et al., 1984) might have preferentially altered the uterine environment of the ipsilateral horn. The observed homology between ovine trophoblastic protein-1 and bovine interferon (Imakawa et al., 1987) suggested that the ipsilateral horn might be a more immunologically priviledged site for embryonic development than the contralateral horn. Consequently, the contralateral uterine horn may not be exposed to ovine trophoblastic protein-1 early enoughto result in a uterine environment conducive to survival of an embryo following migration.
Intrauterine migration of ovine embryos was associated with both embryonic elongation and synthesis of estradiol. Migration began on d 14, was completed by d 15 and occurred after maternal recognition of pregnancy. Perhaps, unique to sheep, ipsilaterally located embryos may cumulatively enhance luteal maintenance before equidistant spacing/embryonic migration. Further investigations are necessary to elucidate the mechanisms of embryonic migration and subsequent mortality
